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[1] A theoretical approach is used to quantify the information available to retrieve cloud
physical properties from data taken by a ground-based spectrometer measuring scattered
sunlight in the near-infrared wavelength region. Three wavelength regions between 0.9
and 1.7 mm, each containing water vapor, liquid, and ice absorption features, are examined
using a differential optical absorption spectroscopy optimal estimation retrieval technique.
Cloud properties that can be retrieved include path-integrated liquid water path and
path-integrated ice water path (PLWP and PIWP), cloud liquid and ice temperatures, and
the second moment of the photon path distribution. The accuracy of these cloud property
retrievals is estimated for a variety of simulated conditions, with key analysis assumptions
identified. The sensitivity of the measurements in the longest wavelength region to
liquid water and ice is high, allowing for accurate estimates of PLWP and PIWP under
optically thin clouds, while the shorter two wavelength bands provide more information
under optically thicker clouds. Observations of mixed-phase clouds over Barrow, Alaska,
are used to illustrate the practicality of the technique. Retrieved LWP values (inferred
from PLWP) are compared to LWP estimates from a microwave radiometer and an
atmospheric emitted radiance interferometer; PIWP estimates are compared to IWP
estimates from a millimeter-wave cloud radar. Cloud liquid temperature and photon path
distribution information retrieved from these data are also presented. Furthermore, we
suggest a technique for combining near-infrared spectral PLWP measurements with
microwave radiometer observations to estimate cloud droplet effective radius.
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1. Introduction

[2] The importance of clouds to the accurate modeling of
our climate system has been recognized for over two
decades [Ramanathan et al., 1983]. Differences in the
proper manner to represent clouds and cloud processes in
general circulation models (GCMs) remain a significant
source of the variation in estimates of the future climate
impact of greenhouse gases [Intergovernmental Panel on
Climate Change (IPCC), 2001]. The response of clouds to
the presence of aerosols is also increasingly being examined
as a potentially important term in future climate forcing with

even the sign of the forcing unknown [Lohmann and
Feichter, 2005]. Most of the unresolved cloud questions
such as these are complicated and likely will not be solved
without more complete atmospheric observations than are
currently available.
[3] Numerous methods have been used to measure cloud

properties. In situ measurements of quantities such as drop
size distribution and liquid water content (LWC) can be
quite beneficial for process studies [Johnson et al., 2000,
and references therein], but such measurements are expen-
sive to make and are generally limited both spatially and
temporally, making it difficult to develop a global under-
standing. Ground- and/or satellite-based observations likely
represent the best method to acquire cloud information over
large geographic scales, but interpretation of these observa-
tions can be difficult. Some of the earliest analyses of
passive remote cloud observations relied on using reflected
near-infrared solar radiation to infer both cloud optical
depth and thermodynamic phase, as well as cloud droplet
effective radius [Hansen and Pollack, 1970; Sagan and
Pollack, 1967]. As Earth-observing satellites became more
numerous and measurement quality improved, these retrieval
methods advanced as well [Arking and Childs, 1985;
Nakajima and King, 1990; Pilewskie and Twomey, 1987;
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Twomey and Cocks, 1989]. It was recognized that informa-
tion found at terrestrial infrared wavelengths could also
provide information concerning liquid water path (LWP)
and liquid optical depth [Han et al., 1995; Kawamoto et al.,
2001; Nakajima and Nakajima, 1995; Turner, 2005], and
ice water path (IWP) and ice optical depth [Ackerman et al.,
1995; Liu and Illingworth, 2000; Minnis et al., 1993; Ou et
al., 1993]. Infrared wavelengths also provide information
about cloud top temperatures [Arking and Childs, 1985; Liou
et al., 1990; Minnis et al., 1993; Ou et al., 1993; Szejwach,
1982] as well as thermodynamic phase [Ackerman et al.,
1990; Baum et al., 2000; Strabala et al., 1994; Turner
et al., 2003].
[4] If total column LWP or IWP is desired, for input into

climate or weather models, for example, perhaps the most
direct method is to passively measure the emission of cloud
microwave radiation [Crewell and Lohnert, 2003; Deeter
and Evans, 2000; Liu and Curry, 1998; Lohnert and
Crewell, 2003; Westwater, 1978; Zhao and Weng, 2002].
Radiation at these wavelengths can also provide information
about cloud liquid temperature, although with large uncer-
tainties for optically thin clouds [Lin et al., 1998]; a similar
limitation applies to infrared data. Recently, it has been
suggested that higher microwave frequencies (submillimeter
wavelengths) have benefits for probing ice clouds more
fully [Evans et al., 1999, 1998]. Some of the same infor-
mation acquired with passive microwave observations can
be obtained actively using radar, with the additional benefit
of acquiring profile information [e.g., Frisch et al., 1995;
Matrosov et al., 1994, 1992; Shupe et al., 2001]. However, a
significant difficulty in interpreting radar observations is the
scattering dependence on the sixth moment of the particle
size distribution. This makes it challenging to infer quanti-
tatively accurate information about the third moment of the
distribution (approximate volume). Lidar is yet another
active measurement technique that has a long history
[Hinkley, 1976; Wilczak et al., 1996, and references therein]
and can be very useful in probing thin clouds [e.g., Platt,
1973].
[5] In this work, our primary focus is on the retrieval of

path-integrated liquid water path (PLWP), path-integrated
ice water path (PIWP), cloud liquid and ice temperatures,
and photon path distribution information. We also propose a
technique that demonstrates the potential benefits of
using ground-based, near-infrared, zenith-sky spectral
observations in a complementary fashion with other obser-
vations. Specifically, we suggest a method of combining the
near-infrared PLWP retrieval with the dual-channel micro-
wave radiometer LWP values to yield cloud droplet effec-
tive radius estimates. Indeed, the benefits of combining
multiple instruments is recognized and used in many of
the previously referenced studies. Even the combination of
ground- and satellite-based observations are shown to be
highly beneficial at times [Miller et al., 2000].
[6] PLWP and PIWP differ from LWP and IWP in that

LWP and IWP represent the amount of liquid and ice
vertically across the cloud, while the path-integrated quan-
tities represent the amount of liquid and ice encountered by
the photons as they scatter through the cloud [Daniel et al.,
2002]. Both LWP and IWP are critically important to the
calculation of the atmospheric radiative balance as these are
the values prescribed in models performing radiative trans-

fer calculations. The path-integrated quantities do not have
unique relationships to LWP and IWP, but depend on
numerous cloud parameters (e.g., cloud size distribution,
photon path distribution, three-dimensional effects, etc.).
Nevertheless, acceptable relationships can be calculated in
many circumstances by making reasonable microphysical
and macrophysical cloud assumptions. PLWP and PIWP
quantities estimated from ground-based observations follow
directly from the measured fractional absorption of the
transmitted beam due to the various water phases. This
fractional absorption can also be used to validate weather
and climate models, while simultaneous downlooking
measurements above the cloud could even allow for abso-
lute estimates of cloud absorption by each of the water
phases.
[7] Cloud temperature is a radiatively important quantity

as well as LWP and IWP. The cloud top temperature is
important in determining the amount of outgoing longwave
radiation (OLR) and therefore can affect the amount of
surface cloud radiative forcing [Shupe and Intrieri, 2004].
The relationship of LWP with cloud temperature is impor-
tant and could have implications for the response of clouds
to a changing temperature environment and thus for the
cloud feedback to greenhouse forcing. Recent studies sug-
gest that this LWP response is dependent on the type and
location of the cloud, with LWP increasing with increasing
T in the Arctic [Lin et al., 2003] and decreasing with
increasing T in the warm months at the Department of
Energy’s (DOE) Atmospheric Radiation Measurement
(ARM) Southern Great Plains (SGP) site [Del Genio and
Wolf, 2000]. In both cases, the cause of the LWP change
was the change in cloud thickness, and not the changing
LWC as has been suggested by some earlier modeling
studies [Betts and Harshvardhan, 1987; Somerville and
Remer, 1984]. It also has been suggested that ice particle
size distributions are dependent on cloud temperature
[Heymsfield et al., 2000] and that relationships can be
derived among IWC, effective size, and temperature [Sun
and Rikus, 1999]. Finally, the detection of supercooled
water has obvious implications for detecting icing condi-
tions and aircraft safety. The measurements of liquid and ice
temperature for optically thinner clouds are of particular
interest, as the clouds’ lower optical depths make temper-
ature and LWP/IWP retrievals, and even cloud detection,
from satellite more problematic. For optically thicker
clouds, the temperature retrieved from transmitted light is
more closely related to the mean cloud temperature than
the cloud top temperature retrieved by infrared satellite
techniques or downlooking near-infrared observations
[see, e.g., Platnick, 2000].
[8] Statistics concerning the photon path distribution can

be useful in comparing cloud radiative transfer calculations
with observations. Ideally, the second moment of the path
distribution can be used to identify 3-D cloud effects
[Marshak et al., 1995]. Path distribution information can
also be critical to estimating LWP and IWP when the
absorption features are not optically thin. This problem
could be particularly great in cases when spectral measure-
ments are not available and only radiances (or irradiances)
at a few discrete wavelengths are measured. Estimates of
the second moment of the path distribution from observa-
tions have typically used the oxygen A-band [Min and
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Clothiaux, 2003; Min and Harrison, 1999; Min et al., 2001;
Pfeilsticker et al., 1998; Veitel et al., 1998] with the recent
addition of the water vapor band at 0.82 mm [Min et al.,
2004]. We take a different approach by deriving photon
statistics where liquid water is a significant absorber; this is
a fundamentally different measure, as discussed in section 3,
than if calculated from O2 or water vapor absorption.
[9] The technique on which this work is based uses

measurements of scattered solar radiation in the near-
infrared and represents an improvement to the technique
described by Daniel et al. [2002]. In that study the vapor,
liquid, and ice absorption bands between about 0.86 and
1.06 mm were used to estimate the PLWP and PIWP
quantities for a range of larger cloud optical depths; it
was hypothesized in that study and confirmed here that
consideration of the stronger absorption bands at longer
wavelengths could increase the sensitivity of the technique.
Significant strengths of this retrieval method are that it
considers only spectral shape rather than low-frequency
spectral changes (due to, e.g., Rayleigh and aerosol scatter-
ing and aerosol absorption), it does not require a compli-
cated radiative transfer model with its implicit atmospheric
assumptions, and it does not rely on absolute calibration or
even require specific knowledge of the detailed low-fre-
quency instrumental spectral response.
[10] In this work, we quantify our ability to estimate the

aforementioned cloud quantities using the three water bands
between 0.9 and 1.6 mm. It should be noted that the use of
the shorter wavelength bands (0.9–1.3 mm) are rarely
discussed, although they provide more cloud information
under optically thicker clouds than can the longer, more
saturated wavelengths. PLWP quantities are estimated from
data taken at the ARM site in Barrow, Alaska, and using a
radiative transfer model are compared to LWP estimates
from microwave radiometer (MWR) and atmospheric emit-
ted radiance interferometer (AERI) data; PIWP estimates
are compared to IWP estimates from millimeter-wavelength
cloud radar (MMCR) data. Cloud liquid temperature and the
photon path distribution width are also retrieved and eval-
uated in terms of their likely accuracy.
[11] The forward modeling and retrieval technique are

discussed in section 2. Theoretical calculations used to
quantify the information available to estimate the cloud
properties from these wavelengths are presented in section 3,
with the experimental observations and comparisons found
in section 4. Conclusions are presented in section 5.

2. Method

[12] In the retrieval process, known absorption spectral
features are fit to the ratio of a foreground to a background
spectrum. Hence the spectral information arises partly from
differences in the atmospheric state at the times when the
foreground and background spectra were measured. The
primary advantage of using the ratio of spectra is that many
variations with wavelength due to, for example, instrumen-
tal response and solar structure, cancel out and do not
adversely affect the retrievals. Also, the detrimental effects
of interfering gases, such as water vapor, that can limit the
accuracy of cloud retrievals are reduced; this will be shown
in more detail in sections 3 and 4.

[13] Theoretical evaluation of the retrieval technique is
performed by calculating synthetic spectra using a discrete-
ordinate, plane-parallel radiative transfer model (DISORT2.0
[Stamnes et al., 1988]) and retrieving the cloud parameters
from these spectra using an optimal estimation [Rodgers,
2000] differential optical absorption spectroscopy (DOAS)
method. Downwelling spectral radiances at the surface are
calculated every 0.1 cm�1 from 0.87 to1.65 mm (11,490 to
6060 cm�1) with the multiple scattering model, considering
Rayleigh scattering, cloud (liquid and ice) absorption and
scattering, and absorption due to water vapor, carbon
dioxide, oxygen, the oxygen collision complex (O4),
and methane. These radiances are convolved with a 6 nm
full-width-half-maximum (FWHM) Gaussian function
to simulate the slit function of a moderately resolving
instrument. The model is run with 15 vertical layers, each
with a thickness of 1 km, and with eight streams, where the
most downwelling stream is taken to be representative of
the observed intensity by the zenith-viewing instrument.
The calculations are performed with a constant surface
albedo of 0.2.
[14] Gaseous absorption coefficients are calculated as in

the work of Daniel et al. [1999] using the HITRAN 2000
spectral database [Rothman et al., 1998]. Liquid water
extinction, w (single scattering albedo), and g (asymmetry
factor) values are calculated at 265 K and 295 K from Mie
theory [Wiscombe, 1979] using imaginary refractive indices
from Kou et al. [1993] and real refractive indices from
Segelstein [1981]. The cloud liquid size distribution over
which the Mie calculations are integrated is assumed to be
lognormal of the form

n rð Þdr ¼ Arg exp �Brð Þ ð1Þ

[Jursa, 1985]. Linear interpolation is used to estimate the
scattering parameters at temperatures between these two
limits. The liquid water asymmetry factors are included in
the forward model using the Henyey and Greenstein [1941]
approximation. Ice scattering parameterizations are based
on the calculations of Yang et al. [2000] for the smooth
aggregate habit. In order to include the effect of the ice
absorption temperature dependence we have altered the
Yang et al. [2000] single scattering values to be consistent
with the imaginary refractive index measurements of
Grundy and Schmitt [1998] at 10 K increments between
210 K and 270 K. As with the liquid, linear interpolation is
used between these 10 K increments. Because of the
potentially large forward scattering term for ice particles,
rather than using the Henyey-Greenstein approximation,
512 Legendre moments are calculated every 100 nm
(with the values linearly interpolated in between) and used
in the multiple scattering model, which takes advantage of
the Nakajima and Tanaka [1988] approximation to better
approximate the sharp forward scattering lobe when using a
relatively small number of discrete-ordinate streams.
[15] Retrieved quantities include PLWP, PIWP, path-

integrated water vapor, O2, CO2, O4, CH4, a constant, and
terms varying linearly and quadratically with wavelength.
Also included are liquid and ice temperature, a path distri-
bution width parameter (a), and the fraction of water vapor
affected by the path enhancement. The retrieval model fits
the cross sections of known absorbers to the ratio of a
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foreground to a background spectrum described by the
equation

If

Ib
¼ aþ blþ cl2
� � Sf � R1

�1
K l0ð ÞF l� l0ð Þdl0

Sb �
R1

�1
K l0ð ÞB l� l0ð Þdl0

; ð2Þ

where l is the wavelength in microns, a, b, and c are
constants, and I is the measured spectral radiance. All f and
b subscripts refer to quantities representative of the
foreground and background spectra, respectively, with the
foreground quantities retrieved and the background quan-
tities prescribed. S represents the shift and stretch operations
used when analyzing measurements, which allow for the
displacement of the wavelength/pixel relationship of the
measured spectrum relative to the calibrated relationship to
assure the measurements are spectrally aligned with the
absorption cross sections. The function K represents
the instrument slit function. The functions F and B are the
modeled foreground and background spectra, given by

B lð Þ ¼ exp � 1� Pbð Þ
X
gases

sini

 !( )
	 aab

b


 ab þ eL
gL

rL
LWPb þ eI

gI

rI
IWPb þ Pb

X
gases

sini

 !" #�ab

ð3Þ

F lð Þ ¼ exp � 1� Pf

� � X
gases

sini

 !( )
	 aaf

f


 af þ eL
gL

rL
LWPf þ eI

gI

rI
IWPf þ Pf

X
gases

sini

 !" #�af

ð4Þ

where e is the cloud path enhancement for liquid or ice, g
is the calculated volume absorption coefficient for particles
of a particular size, r is the density, and the subscripts L
and I refer to quantities pertaining to liquid and ice,
respectively. The terms si are the molecular absorption
coefficients for the gaseous absorbers and P is the fraction
of the gaseous absorption in the cloud, which is affected
by the photon path distribution. The fraction will generally
be different for water vapor, O4, and the well-mixed gases
like O2, but this is neglected here because our goal is to
estimate liquid and ice properties and to simply remove
the gaseous absorption signals. We generally do not retrieve
the water vapor fraction parameter, but have found from
analyses of simulated spectra that under purely liquid,
single-layer, homogeneous clouds, we are often able to
accurately estimate the fraction of the total vapor column
that resides in the cloud layer. Equations (3) and (4) are
derived from the radiative transfer equivalence theorem
[Van de Hulst, 1980]

I ¼ I0

Z1
0

p lð Þ exp �lgð Þdl; ð5Þ

where p(l)dl is the photon path distribution, assumed here to
be

p a; lh i; lð Þ ¼ 1

G að Þ lh i=að Þa l
a�1 exp � al

lh i

� 
for l > 0 ð6Þ

[Marshak et al., 1995], and where a is a parameter related
to the variance (var) of the distribution by

a ¼ lh i2

var lð Þ : ð7Þ

We do not alter the distribution to prohibit paths of less than
1 air mass, as has been done by some authors [Min and
Clothiaux, 2003]; however, we remain consistent in our
analysis of calculated and measured spectra so the presented
comparisons and retrievals are without bias. The choice of
the specific distribution form, however, can affect the way
in which measurement errors propagate into retrieval errors
and can affect retrieval estimates. In addition to examining
the values of a itself, we will sometimes consider the more
physical quantity, which we will call L*

L* ¼
l2
� �1

2

lh i ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
aþ 1

a

r
; ð8Þ

where hli is the mean path length and hl2i is the second
moment of the path distribution.
[16] Constant terms b and c are included in equation (2)

in order to eliminate the sensitivity of the retrievals to any
linear or quadratic spectral change with wavelength, while
the a term makes the analysis insensitive to constant-factor
signal changes. Thus the analysis process gains information
from more highly spectrally structured signatures rather
than from slowly varying signals with wavelength that
can be due to Rayleigh or aerosol extinction. So while
aerosol and molecular scattering effects can have potentially
large effects on dual- or several-wavelength cloud retrievals
for thin clouds [e.g., King et al., 1997], our technique avoids
much of this problem.
[17] The retrieval problem is linearized so that the re-

trieved ratio, If/Ib, can be defined by

y ¼ If

Ib
¼ Kx; ð9Þ

where x is the vector of retrieved parameters and K is the
Jacobian matrix. The (i + 1)th iteration for the retrieved
parameters is given by

xiþ1 ¼ xa þ SaK
T
i KiSaK

T
i þ Se

� ��1
y� F xið Þ þKi xi � xað Þ½ �;

ð10Þ

and the covariance matrix of the retrieved parameters is
given by

Ŝ ¼ Sa � SaK̂
T Se þ K̂SaK̂

T
� ��1

K̂Sa; ð11Þ

where Sa is the a priori covariance matrix and Se is the
measurement covariance matrix [Rodgers, 2000]. One
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